With the increasing use of automated fiber placement method for manufacturing highly precise bespoke composite components in the aerospace industry, the level of manufacturing defects within the laminate structure needs to be monitored and minimized for structural integrity. One of the main common defects in automated fiber placement process is misalignment between the tape paths in successive courses which leads to non-integrity of laminate and consequently significant reduction in mechanical strength of the laminate. Therefore, it is necessary to find an appropriate inspection method to monitor and identify these processing defects at the earlier stages of manufacturing. Since optical fiber Bragg grating sensors are being increasingly utilized for structural health monitoring in composite materials and as they were successfully implemented by Oromiehie et al. in their earlier work for on-line lay-up process monitoring, the same methodology is once again tried for identifying the misalignment defects in automated fiber placement process. The experiments are carried out on glass-fiber/nylon laminate with embedded fiber Bragg gratings for the automated tape placement method. The defects due to misalignment are identified by the fiber Bragg grating sensors through their reflected wavelength changes during the automated manufacturing process. The analysis of results indicates that the fiber Bragg grating sensors can be reliably implemented for on-line defect monitoring during the automated fiber placement process to ensure the quality of final product and maintain the expected design life.
Introduction
Automated fiber placement (AFP) has revolutionized the production of composite materials for aerospace industry in recent decades. 1 Merging several manufacturing stages in a placement head and automation of lay-up process have increased the productivity, accuracy, and reliability of AFP and reduced the material and labor costs. [2] [3] [4] Having these capabilities, the AFP has been embraced by manufacturers like Boeing, Airbus for components like wing skins and fuselages whereas National Aeronautics and Space Administration (NASA) to make highly precise loadbearing propellant tank for future space launch vehicles. 5 Typically, thermoset and thermoplastic prepreg tapes are commonly used materials for manufacture of laminates using AFP process. Some of the main advantages of prepreg materials are due to their ease of use, consistency in quality, high specific strength, and no corrosion. The main difference between thermoset and thermoplastic prepregs is that thermoplastic prepregs do not have shelf life and are stable at room temperature, while thermoset prepregs are required to be stored in refrigerator prior to use and have limited shelf life. In addition, thermoplastic prepregs, except highperformance carbon-fiber/thermoplastic, in comparison to thermoset prepregs are less expensive and have lower cycle time. Utilizing thermoset prepregs in AFP also needs post curing in autoclave which is expensive, energy inefficient, and time-consuming process. 6 Although the AFP machine has considerable potential for efficient, rapid, and high-volume manufacturing of structural composites like other manufacturing methods, making defect-free laminates using this method is inevitable. One of the main possibilities of having defect in the AFP process is due to the mismatch in designed and real steering paths. This usually happens due to the machine tolerances or tape width variation. 7 This variation in tape width results in formation of gaps and overlaps (Figure 1 ), thickness variation and consequent non-integrity of laminate have been discussed in literatures. 8, 9 Several studies have shown that the presence of these defects deteriorates the mechanical strength of laminate. [8] [9] [10] [11] [12] Sawicki and Minguet 8 have shown that the formation of gaps/overlaps with any width size leads to reduction in strength from 5% to 27%. They have shown that for the gaps/overlaps wider than 0.762 mm, the rate of this decrease remains constant, while for the lower width this rate decreases. In another work, Croft et al. 13 have quantified the effect of gaps and overlaps on the performance of composite laminates by conducting in-plane shear, tension, and compression tests. The obtained results elucidated that the presence of gaps change the tension and compression results by 63%. The change in the gap length has no significant influence on the results of in-plane shear test; however, the width of gap varies the results from 3% to 12%.
However, overlaps vary the results of compression test from 3% to 13%. But its influence on the tension test is negligible (63%). Conducting in-plane shear test on the samples with overlaps reveals that change in the length of overlap has no significant effect on the obtained results but width variations will decrease the obtained results up to 12%. In a similar work, Fayazbakhsh et al. 9 have attempted to find the effect of gaps and overlaps on the variable stiffness laminates. It is shown that gaps have resulted in reduction of in-plane stiffness by 14% and improvement of bulking load by 15%, whereas overlaps could increase them by 11% and 71%, respectively.
Thus, in order to detect the potential defects at the early stages and ensure the quality of fabricated laminate, selection of a reliable inspection method is essential. There are several nondestructive methods such as ultrasonic and thermography which are commonly being used for defect identification of composite materials after fabrication 14 and during the operational service. 15 However, there is no such established technique available to-date for in situ defect monitoring during the lay-up process in AFP.
In an experimental study by Shadmehri et al., 16 a new inspection technique which is composed of a laser system synchronized with a vision system has been utilized to identify deviation of fiber angle, tow location, and gap size. Although this could be a reliable method for defect monitoring, however, they have identified two limitations; first, the reflective properties of prepreg tape make it difficult to capture the image and the second, highly contoured parts make it difficult to project precisely.
Optical fiber sensors on the other hand also have been considered as a reliable method for structural health monitoring of composite structures [17] [18] [19] [20] due to their low cost, small size, light weight, wide bandwidth, possibility of remote operation, and electromagnetic interference immunity. 21 They can easily be embedded between the laminates without affecting their structural integrity and can behave like a nervous system for detecting defects. 15 Among different types of optical fiber sensors, fiber Bragg grating (FBG) sensors are more suitable for this purpose due to their localized and multiplexed sensing capability, 22 good linearity and resistance to harsh environment. 23 These sensors have capability of monitoring stress, strain, temperature, composite cure process, vibration, 20 cracks, and delamination. 17 Several studies have been conducted on FBGs and composites. Murukeshan et al. 24 have utilized the FBGs for cure monitoring of carbon fiber-reinforced polymer (CFRP) and glass fiber-reinforced polymer (GFRP) composites to study their performance after curing under three-and four-point bending tests. Although the authors did not discuss the manufacturing method and heating procedure, they have indicated that not only curing but also the defect regions can be identified using FBGs. Similarly, Leng and Asundi 25 have used FBGs for on-line cure monitoring of CFRP composites. They found that the cure induced strain in the damage-free composites is less than composites with damage. In another study, Ruzek et al. 26 have used FBG sensors for monitoring strain and damage in CFRP composites. In their study, a compressive load applied on three panels including undamaged, impacted, and both impacted and fatigued panels. The strains measured by FBGs then are compared with the results picked up by strain gauge system which validates the accuracy of the FBG sensors.
Recent experimental work by Oromiehie et al. [27] [28] [29] [30] demonstrated the use of embedded optical FBG sensors for on-line monitoring of AFP. The study confirmed that the lay-up process conditions can be monitored successfully by the FBG sensors via measuring the reflected wavelengths which are related to consolidation pressure and curing temperature. It was also shown that the effects of stacking plies, recovering time, and residual strain/temperature on the measured wavelength can be measured in real time, which is a major step toward measuring residual stresses using FBGs. This article attempts to show that the silica optical FBG sensors can be reliably employed for identifying two common types of misalignment defects (gaps and overlaps) within the laminated composites and also detecting the presence of foreign debris if any between the plies, during the AFP process. It is evidenced that the real-time defect monitoring during lay-up process is a viable method that can be implemented in real-time automated manufacturing of advanced composites.
Automated/fiber placement process
The AFP are defined as additive manufacturing as the composite part is built up by adding material. 31, 32 The automated fiber placement (AFP) machine consists of a placement head and robotic arms which are computer controlled using advanced software packages. In the AFP machines, several manufacturing stages including lay-up, curing, and bonding are merged together in lay-up head which leads to higher level of efficiency and productivity. 33 With the running of the lay-up for thermoplastic-based composite, the placement head brings two prepreg tape surfaces together under heat and pressure. Then, while the polymer matrix of plies is in direct contact, bonding is formed by defusing the polymer chains via thermal vibrations. The laminate is then cooled down at room temperature. 6, 34 The pressure is applied by squeezing roller to squeeze the air out of the composite lay-up, and hot gas torch (HGT) or laser is to be used as the heat source. Finally, the composite laminate is formed by placing the tapes in successive courses next to each other. Consequently, the quality of final laminate depends on a number of factors including temperature, pressure, and lay-up speed, which should be within their allowable tolerance 35 .
Operating principle of an FBG sensor
An elementary FBG comprises of a short section of silica single-mode optical fiber in which the core refractive index is modulated periodically using an intense optical interference pattern, typically at ultraviolet (UV) wavelengths. This periodic index-modulated structure enables the light to be coupled from the forward propagating core mode into backward propagating core mode generating a reflection response ( Figure  2 ). The wavelength of light reflected by periodic variations of the refractive index of the Bragg grating, l G , is given by
where n eff is the effective refractive index of the core, and L is the periodicity of the refractive index modulation. The basic principle of operation of any FBGbased sensor system is to monitor the shift in the reflected wavelength due to changes in measurements such as strain and temperature. The wavelength shift (Dl S ) for the measurement of an applied uniform longitudinal strain (De) is given as
where r a is the photo elastic coefficient of the fiber. The typical strain sensitivity of an FBG at 1550 nm is ;1.2 pm/me. For FBG sensors embedded in composite materials, the dynamic structural variations are transferred to the embedded fiber and the strain-induced dynamic change in the peak reflected wavelength of the FBG is measured and correlated to the structural dynamics of the composite laminate.
Sample preparation with embedded FBGs and induced defects
Specimens were fabricated using an in-house developed robotic machine at the Australian National University (ANU) in which the AFP placement head was mounted on the industrial robot (ABB IRB6600). The laminated specimens consist of 10 plies of unidirectional (UD) prepreg tape and glass fiber/nylon (Cytec TC910). The prepreg consists of thermoplastic matrix, nylon-based thermoplastic resin system, and UD glass fibers. The material properties for glass-fiber prepreg are presented in Table 1 . The plies are UD (0/0) to each other and have a thickness of 0.25 mm. The prepreg plies are processed by heating and cooling cycle. The HGT system was used for this experiment as a heat source, and the cooling process is done at room temperature.
Four specimens were fabricated for this experiment. One specimen as a reference sample (defect-free sample) while the others consist of artificial gaps and overlap defects, as indicated in Figure 3 . The defects were embedded between the second and third plies, right above FBG, and their influence for remaining lay-ups has been studied. Different types of defects used in this experiment are shown in Table 2 . The defect configuration and entire dimensions of the sample which is 250 mm 3 6.35 mm 3 2.5 mm are depicted in Figure 3 .
The standard apodized polyimide-coated FBGs were used in these experiments with grating length of 10 mm and a peak reflected wavelength of 1545.5 nm. The reflectivity of the FBGs was greater than 70%. The FBGs were positioned between the second and third plies as the maximum stresses during the process occur in the lower layers. Also, in order to monitor the subsequent lay-up stages. The HGT heating system utilized in this experiment using air as the heat source. The process parameters for this experiment were set as temperature of 200°C, consolidation force of 450 N, and lay-up speed of 10 mm/sec. These conditions were kept constant during the lay-up of all four samples that are included in this experimental program. 
Experimental setup
The experimental setup for the on-line monitoring of the lay-up process is shown in Figure 4 . First, two plies of prepreg tape were placed and consolidated. Then, the FBG sensor was placed and aligned on the second layer. In order to constrain the FBGs from rotation and movement, it was secured by tape outside the length of specimen. The FBG sensors are then connected to the interrogating system including a commercial FBG interrogation system (IMON-256, Ibsen Photonics), broadband source, and an optical circulator. Eventually, the spectral variation of the FBG-reflected signals was monitored during lay-ups for all samples using the interrogation system setup.
Results and discussions

Defect-free sample
In order to better understand the effect of the embedded defects on the reflected signal wavelength (sample 1-3); first, the reference sample (sample 4) is analyzed. The measured wavelengths during the fabrication of samples include the contributions from several phenomena occurring during the lay-up process. These contributors include initial impact of placement head, resin shrinkage, strain induced by the consolidation roller and hot gas, difference in thermal expansion of materials, cutting the tape, and finally pulling the placement head up. The wavelength response corresponds to the first lay-up, after placing the FBGs had the highest volatility ( Figure 5 ). This is due to the direct contact of the squeezing roller in the placement head and the sensor. When the sensors are completely secured between the second and third plies, this volatility cannot be observed in the wavelength curves. The shifts in the wavelength curves, in Figure 5 , are classified into five phases:
Phase A. In phase A, wavelength shift is recorded due to the fact that the placement head lands down with a moderate force on the optical fiber grating. The marginal shift in the optical signal wavelengths is due to these contact phenomena. Once the placement head moves toward the FBG and with the subsequent application of heat through the HGT, resin starts to polymerize resulting in longitudinal strain within the laminate. This is evidenced in phase A with marginal increase in reflected signals from the FBG. Phase B. In this phase, a sudden shift is observed in the wavelength response. As the sensor is initially at a lower temperature, when the placement head gets closer to the FBG sensor, the hot gas temperature affects the sensor. Thus, the initial shift in the wavelength profile for each lay-up could be the time in which the sensor is affected by heat. The correlation between the response time of this shift and the number of stacked plies for the base line sample is depicted in Figure 6 . As can be seen, the wavelength shift for layer one is 1.21 nm and for the second layer is 0.183 nm, which correspond to a temperature change of around 121°C and 18.3°C, respectively. Whereas for the subsequent layers, the temperature influence is getting lower. This is due to the increase of thickness which prolongs the heat transfer time. Phase C. When the placement head passes over the grating, heat and pressure are directly applied to the FBG. Thus, the changes in reflected optical signal wavelengths reach to the highest level. Phase D. When the placement head passed the grating, the wavelength response declined gradually. This is due to the difference between the thermal expansion of fiber and matrix and shrinkage in the tape's materials after consolidation or during the cooling process at room temperature. Another interesting finding in this phase is that by increasing the number of stacked plies, the slope of wavelength curves reduces. This is due to the effects of accumulated heat within the laminate which prolong the cooling process. Phase E. In this stage, the placement head is pulled up, which results in sudden drop in the wavelength response as the heat and force sources are removed.
Samples with induced defect
The reflected signal wavelength response measured by the embedded FBGs correspond to each sample is shown in Figure 7 (a)-(d). Although the general trend of the wavelength responses for samples with defect are similar to the reference sample, there are still some distinct differences. The first difference is observed in the shape of wavelength response peak at the middle regions of the Figure 7 (highlighted with red) which is narrow for the Al-shim overlap sample whereas is wider in other samples. Another difference is the slope of the wavelength response in the yellow region. The last one is the wavelength shifts, which are different for each lay-up compared to same lay-up in the other samples. For instance, as it is shown in Figure 7 , the shift In order to better analyze the obtained results, the recorded wavelength response corresponds to the fourth lay-up for all samples are selected and depicted in the Figure 8 .
In all the experiments, till the proximity of the grating, the built-up strain creates a uniform wavelength shift in the reflected optical signal, same as the base line sample. Then, when the placement head reaches the grating area and moves toward the other end of specimen, some changes in the recorded wavelengths are occurred.
As shown in Figure 8 , the corresponding plot for the Al-shim overlap sample has a sharp change in the wavelength response compared to other samples. This might be due to the size and the bonding condition of embedded defect above FBG sensor. First, as the length of defect in Al-shim overlap sample is exactly same as the length of grating in FBG, when the roller goes on that higher level of strain is experienced at the edges, thus higher wavelength shift is recorded. Second, due to having defect with different material (Al-shim), there is no bonding between the second and third plies; therefore, there is no resin shrinkage at this region in comparison with other samples; thus, the effect of residual stress is minimal. As can be seen, when the consolidation roller moves toward the other end, the plies are bonded and the trend of graph backs to the normal shape. This phenomenon cannot be seen in the other samples as the defects (overlap/gap) had same material as the adjacent plies.
Another important finding, as mentioned previously, is the slope (Dl/Dt) of the wavelength responses which are different for different samples. The main reason for that is the thickness variation above the FBG. With the increase of thickness above the FBG the slope reduces. The measured slope for the base line sample is 0.035; while for the sample with Al-shim overlap, unidirectional glass-nylon overlap and gap is 0.045, 0.05, and 0.03, respectively.
As an example, the overlap in the second sample (UD glass/nylon-0.25 mm) is thicker than the overlap in the third sample (Al-shim-0.13 mm), thus higher slope is obtained (S 2 . S 3 ). The wavelength response corresponds to the sample 1 (Al-shim overlap) shows the lowest slope (S 1 ). In this sample, there is better heat transfer for the fiber grating due to better heat conductivity of the aluminum material. In addition, during the placement of remaining plies, the heat transfer to the sensor is easier and quicker. Consequently, more heat accumulation in the optical fiber sensor which leads to further expansion of fiber and prolongation of cooling process.
The width and shape of the responses at the middle region represent another example of the differences between the samples. These differences are due to the length of defect or the distance of defect's edge from the sensor (X 1 , X 2 , and X 3 ) as shown in Figure 9 .
In all samples, when the lay-up head crosses the edges of the defects, it exhibits a higher strain to the embedded grating. In sample 3, in which the defect had same length as the grating (X 3 = 0), a sharp V-shaped deviation is observed in the wavelength response. Whereas, in other samples (1 and 2) where the defect edges are further away from the grating region (X 1 and X 2 6 ¼ 0), the curves become wider and flatter. The travel time interval of the lay-up head between the first and second edge is the strain relaxing time for the FBG in which lower level of strain is experienced by the FBG.
Thus, the results show that the presence of defects in the laminate during the fabrication process induces certain distinct features to the wavelength response of the FBG that can be identified and correlated with the type of defects. However, further research is required to quantify the changes in the wavelength response so that the defect type and size can be properly identified. This research is currently ongoing.
Conclusion
In this article, an experimental investigation is carried out on the glass-fiber composite laminates, with embedded FBG sensors, which were fabricated using AFP method. During the fabrication process, common misalignment defects, gap, and overlap, created within the laminates artificially. The lay-up process then was monitored using FBG sensors in order to study the influences of defects on the reflected optical signal wavelengths.
The FBG responses in this experiment include both temperature-and pressure-induced strain. In order to study the effect of each of these process parameters (heat and pressure) separately, a different configuration of FBG sensing system is required. This could be done Figure 9 . The size effect of embedded defects on the reflected wavelength (in the fourth lay-up).
through utilizing angled/twisted FBGs to eliminate the cross sensitivity of strain and temperature or simulation of lay-up process.
The obtained results reveal that depending on the type of defects in terms of size and materials, three significant changes in the wavelength profiles could be observed. These changes include the shape of wavelength profiles, the wavelength shifts in corresponding layers, and the slope of the wavelength profiles during the cooling process at room temperature.
However, further experiments need to be conducted to study the effects of other characteristics such as size of the defect on the reflected wavelength. In addition, further development can be made toward embedding FBGs automatically to have realistic method for in situ process monitoring. Thus, the FBG sensors can be considered as a reliable method for identifying misalignment defects and also detecting presence of foreign debris within the laminate.
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